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K.N. Yakunina, E. Endevea,b,d, A. Mezzacappaa,b,
M. Szczpanczyke, M. Zanoline P. Marronettif ,
E.J. Lentza,b,c,g, S.W. Bruennh, W.R. Hixa,c,
O.E.B. Messera,c,i, J.M. Blondinj , and J.A. Harrisi,k
In this work we report briefly on the gravitational wave (GW) signal computed in the context
of a self-consistent, three-dimensional (3D) simulation of a core-collapse supernova (CCSN)
explosion of a 15 M progenitor star. We present a short overview of the GW signal, including
signal amplitude, frequency distribution, and the energy emitted in the form of GWs for each
phase of explosion, along with neutrino luminosities, and discuss correlations between them.
1 Introduction
The era of gravitational wave (GW) astronomy began with the first direct detections of GW
signals from binary-black-hole mergers 1,2. Among the sources of Earth-detectable GWs we can
include core-collapse supernovae (CCSNe), which are physics rich. They result from the rapid
collapse and violent explosion of a massive star (M>8M ), and are one of the most energetic
burst phenomena in the Universe. An enormous amount of energy (∼ 1053 erg) is released
in the form of neutrinos, synthesized matter, and electromagnetic and gravitational radiation.
Simultaneous detection of these signals will help us reveal details of the physical processes taking
place under the extreme conditions as a massive star explodes [for a comprehensive review, see,
e.g., Ott (2009) 4]. Thus, any advanced study of CCSN requires detailed simulation of the
processes in the supernova core, and physical fidelity of CCSN simulations is crucial. However,
self-consistent CCSN simulations that include the physics necessary for production of realistic
GW templates (e.g., neutrino transport with a complete set of weak interactions and effects
of general relativity) are extremely compute intensive, and demand computing at the extreme
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scale. For instance, the number of processors required to perform the 3D simulation presented
here was on the order of 105, and the full simulation, until the onset of explosion (350–400 ms)
required ∼ 108 CPU hours. In spite of recent advances in simulation codes and computational
resources, few groups5,9,10 have performed 3D simulations that include the necessary physics for
realistic GW templates. Since CCSNe are one of the most promising sources for multimessenger
astronomy due to their strong combined neutrino and GW signals, these 3D models are able to
produce the most reliable GW and neutrino signals, and deduce potential correlations between
them, and could help not only detect GW signals from CCSN, but also help resolve a number
of open questions concerning the physics of the CCSN explosion mechanism. To contribute to
these efforts, we present here a short overview of GW and neutrino signals from a 3D simulation
carried out with the Chimera code.
2 Model Description
Figure 1 – Volume rendering of the specific entropy from
a CCSN explosion simulation with the Chimera code.
The large rising plumes drive the expansion of the shock,
while active accretion onto the PNS surface sustains neu-
trino emission, and contributes to the GW signal.
Our analysis is based on the 3D CCSN sim-
ulation of the 15M progenitor of Woosley &
Heger 11, performed by Lentz et al. 5 (Fig. 1).
The simulation is performed with the neutrino
radiation hydrodynamics code Chimera that
includes neutrino transport with a modern set
of weak interactions through the ”ray-by-ray-
plus” approach, a nuclear equation of state,
and an effective relativistic gravitational po-
tential. The effective gravitational potential
for self-gravitating fluids is build from a New-
tonian potential by replacing the leading term
in its spherical harmonic expansion with the
TOV potential. The effective potential mim-
ics the deeper potential well obtained in full
GR 6. Gravitational redshift of the neutrino
spectrum is also included in the transport
scheme. The 3D computational grid consist of 540(r)×180(θ)×180(φ). The θ-resolution varies
from 2/3◦ near the equator to 8.5◦ near the poles. The φ-resolution is uniform and equal to
2◦. The radial resolution varied according to the structure of the collapsed core in our adaptive
mesh, and reached ∼0.1 km inside the PNS.
3 Results
A CCSN passes through several phases before the onset of explosion. The massive star’s iron core
collapses, with inner core densities ultimately exceeding nuclear densities. At these extremes,
the inner core rebounds due to the stiffening of the EoS and launches an outgoing shock wave.
Within a ∼ 100 ms after bounce, the shock stalls due to energy loss by neutrino emission and
dissociation of iron falling through the shock. It is revived by neutrino energy deposition behind
the shock, but aided by hydrodynamical instabilities 3. Instabilities operating inside the proto-
neutron star (PNS), large scale convection in the neutrino heated, post-shock region, and the
standing accretion shock instability (SASI), contribute to produce a strong GW burst signal
that can be detected by GW observatories (cf. Fig. 1).
3.1 GW signal
The typical GW signal from axisymmetric (2D) explosion models, carried out to about two
seconds after bounce, consists of four main phases7. The structure of our 3D waveform is similar
to what was obtained in the 2D case. The early GW signal is produced by prompt convection
inside the PNS that develops behind the quickly expanding, newly formed shock. It lasts for
70–80 ms after bounce. The GW energy emitted during the early phase is ∼ 4 × 10−11M c2
(Fig. 2 bottom right). Note that the GW energy of the early signal is much higher in 3D
than in 2D. This can be explained by the inverse turbulent cascade in 2D: turbulent energy
accumulates artificially in large scale eddies, decreasing the emitted GW energy. The quiescent
phase (80–120 ms) is the result of shock stagnation and ceasing of the initial prompt convection.
Other fluid instabilities have not yet developed. The strongest phase of the GW signal starts at
around 120 ms. It is the result of a non-linear interaction between different types of instabilities.
Active accretion on the PNS surface induces the density disturbances inside the PNS (g-modes)
that produce the most energetic GW signal. In turn, active accretion is formed due to the
superposition of neutrino-driven convection and the SASI. The GW energy emitted during the
strong signal phase is ∼ 2 × 10−9M c2, which is almost two orders of magnitude higher than
the GW energy emitted in the early phase. In contrast with the early phase, more GW energy
is emitted in the 2D model than in the 3D model during the strong phase. Here, the additional
dimension allows development of global, low frequency modes (e.g., spiral SASI modes and large
scale convection) that are suppressed in the 2D models. The spectrogram of the GW signal
confirms the presence of stronger low-frequency (50–200 Hz) activity in the signal (Fig. 2; top
right). The fourth phase – DC offset (“tail”) in the signal observed in the 2D models due to
shock expansion 7 is not yet present in the 3D model. The onset of explosion in the 3D model is
delayed by about 100 ms relative to the 2D model5. Consequently, during the 450 ms considered
here, we do not observe the low-frequency tail in the GW signal. It may appear later, but will
probably be less pronounced due to the different explosion morphologies in 2D and 3D. In the
2D models, the heating region is divided into 2–3 large volumes due to the presence of 1–2
accretion downflows. When these volumes acquire enough energy from neutrinos they begin to
expand at the same time. The picture is different in the 3D model. There are multiple down
flows splitting the heating region into multiple volumes of relatively small sizes. When one of
these volumes becomes sufficiently large it starts to expand while others do not 5 (Fig. 1).
3.2 Neutrino signal
Neutrinos play a fundamental role in CCSNe. They carry most (99%) of the gravitational
binding energy liberated during iron core collapse. As such, neutrinos are the major source
of energy for the supernova explosion in the delayed neutrino-driven mechanism. 3. Moreover,
the observation of supernova neutrinos from a CCSN will provide not only important insights
into the dynamics inside the exploding star, but will also significantly increase the chances for
detection of the GW signal from the supernova event.
Neutrino luminosities from the 3D model are plotted in the bottom left panel in Fig. 2. The
first prominent feature is the well-known electron neutrino, or neutronization, burst that occurs
when the post-shock matter becomes transparent to neutrinos shortly after bounce. During
the later phase, the electron neutrino and antineutrino luminosities are largely regulated by the
mass accretion onto the PNS. (The neutrino luminosities are also sensitive to PNS parameters;
e.g., compactness, surface temperature.) As the accretion rate drops, the relative contribution of
the electron neutrino and antineutrino flux decreases. The significant variations in the neutrino
luminosity for t > 150 is due to variations in mass accretion (in response to fluid instabilities
operating). The variations in the ν-luminosity in 2D are larger than in 3D because multiple
accretion down flows in the 3D model are less massive than the 1–2 down flows present in the
2D model. The heavy flavor neutrinos (νµ, ντ ; emanating deeper in the PNS) show a steady
decline after about 150 ms, and are not as sensitive to sudden variations in accretion. It is worth
noting that the fluctuations of the ν-luminosities are a consequence of oscillations in mean shock
radius. Thus, the SASI activity is imprinted on neutrino signal. When comparing the top and
bottom left panels of Fig. 2, a correlation between the neutrino and GW signals can be inferred.
Figure 2 – Two polarizations of the GW signal as they are seen by observer at the equator (top left), characteristic
spectral strain hchar of 2D and 3D models at a distance of 10 kpc compared with the design noise levels of
the current and future GW detectors (top right), neutrino luminosities for each type of neutrinos using in the
simulation (bottom left), energy emitted in the form of GWs for C15-2D and C15-3D models (bottom right).
Immediately after the neutronization burst, there are no significant variations in the neutrino
luminosities. This phase coincides with the quiescent phase of the GW signal. The strongest
variations in the neutrino signal coincide with the large amplitude spikes in the GW signal. This
is to be expected since both features are due to variations in accretion onto the PNS, and a
response to explosion dynamics.
4 Outlook
Despite the complexity of supernova physics, several groups are now able to simulate CCSN
explosions with high physical fidelity, and compute GW and neutrino signals from 3D mod-
els 8,9,10. However, only a handful of models exist today. The 3D simulations of Lentz et al. 5
and Andresen et al. 9 have similar physics input: spectral neutrino transport with full set of
weak interactions and effective GR potential. The fully relativistic simulation of Kuroda et al.10
includes grey neutrino transport and a reduced set of weak interactions. Each of these groups
still employs approximations to be able to complete simulations, but work on improvements are
underway; e.g., better resolution, better algorithms well suited to modern computer architec-
tures, and improved physical fidelity in both the gravity and the neutrino transport sectors.
There are robust features of the GW signals that are common across simulations, but there are
differences in the waveforms too 8,9. These differences motivate us to establish closer collabora-
tions between supernova modeling efforts and to look deeper at the problem. By continuing the
work to model CCSN, with independent codes, we will obtain a larger catalog and more robust
waveforms to aid in GW searches.
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